When we implanted P + or B + ions into yttria-stabilized zirconia (YSZ), its crystallinity was degraded. Concurrently, the photoluminescence at around 2.8 eV originating from two types of oxygen vacancies with one or two captured electrons became weak, indicating a decrease in the number of oxygen vacancies. Oxygen vacancies appear in YSZ as a result of the replacement of Zr 4+ by Y 3+ in ZrO 2 . Therefore, it seems that the separation of YSZ into ZrO 2 and Y 2 O 3 induced by the ion implantation is responsible for the decrease in the number of oxygen vacancies. Moreover, the intensity of the 2.8 eV photoluminescence returns to the value before the ion implantation if the sample is annealed thermally after the implantation at temperatures higher than the crystallization temperature of YSZ. The reaction opposite to the above seems to be induced by the thermal annealing.
Introduction
With the progress in the miniaturization of metal oxide semiconductor field-effect transistors in large-scale integrated circuits, the thickness of gate dielectrics become increasingly smaller, causing SiO 2 to become unsuitable for the gate dielectric, since it would become too thin to maintain its insulating property. [1] [2] [3] One possible solution to this problem is to use other dielectric materials that possess higher dielectric constants (k). 4) Although hafnium-based oxides have been extensively investigated, [5] [6] [7] [8] it is known that, in practical use, they form silicates if they are on a Si substrate. 9, 10) Regarding this problem, yttria-stabilized zirconia (YSZ), which possesses a high k of around 27, 11) is assumed to be promising for a future gate insulator. 12, 13) It has been reported that high-k dielectrics such as YSZ may have point defects. [13] [14] [15] If this is the case, they would be a potential risk for their use in electronic devices.
Therefore, in this research, we examine what kinds of defects are present in YSZ, focusing particularly on oxygen vacancies. Photoluminescence (PL) was used as the main analytical tool in addition to the measurements of X-ray diffraction (XRD), electron spin resonance (ESR), and optical absorption, since these methods have been very effective for examining the structural changes induced in various inorganic insulating materials. [6] [7] [8] We also use the implantation of ions as a method of damaging the crystalline structure and thermal annealing to recover the damaged structure.
Experimental methods
Commercially available YSZ (100) single-crystal samples, grown by the skull-melting method 37) (Crystal Base), were used in the experiments. They were cut to rectangular plates with a thickness of 0.5 mm. The proportions of yttria and zirconia are 9.8 and 90.2 mol %, respectively.
Positive monovalent ions of phosphorus (P + ) or boron (B + ) were implanted at room temperature, using the ion accelerator (Ulvac UP-150) at Waseda University, into the samples at an acceleration energy of 100 keV to various doses ranging from 0.2 × 10 15 to 1.0 × 10 15 cm −2
. After the ion implantation to the dose of 10 15 cm −2
, the samples were heated to various temperatures between 150 and 800°C for 3 min in air and then kept at each annealing temperature for designated periods between 20 s and 20 min for annealing. Furthermore, for comparison, ultraviolet (UV) photons were irradiated to unimplanted samples for 30 min at room temperature using a KrCl excimer lamp (Ushio UER 20-222) that emits photons with an energy of 5.59 eV. Before and after the ion implantation or thermal annealing, in-plane XRD spectra were obtained with Cu Kα X-rays at room temperature using Rigaku Rint-Ultima III, while ESR spectra were obtained with JEOL JES-FA 300 at room temperature at 9.20 GHz (X band) using the microwave power of 5.00 mW. Optical absorption spectra in the visible-UV region were measured with a double-beam spectrophotometer (Shimadzu UV-3100PC) in the transmission mode at room temperature.
For PL measurements at 77 K, a fluorescence spectrometer (JASCO FP-8500) was used. Furthermore, PL spectra were also obtained at 10 K using synchrotron radiation (SR) to excite PLs at the BL3B line with a beam energy of 750 MeV equipped with a 2.5 m off-plane Eagle-type monochromator in the UVSOR Facility (Institute for Molecular Science, Okazaki, Japan). For the SR measurements, a 300 mm triplegrating monochromator (Acton SpectraPro-300i) was used as an incidence monochromator and a CCD camera (Princeton Instruments) was used to detect PLs. The intensity of PL was calibrated by taking into account the excitation SR intensity at each photon energy.
Moreover, the PL lifetime in the ms range was measured at 77 K using the FP-8500 spectrometer, whereas that in the ns range was measured at 10 K by a time-correlated singlephoton counting technique using SR pulses. The SR pulse under a single-bunch mode has an apparent duration of about 550 ps including the time response of the detection system, and the time interval between two consecutive SR pulses is about 177.6 ns. 38) 
Results
First, we estimated how deep ions can penetrate into YSZ using a simulation program called SRIM2011. 39) As shown in Fig. 1 , the projected ranges of P + and B + ions with an energy of 100 keV in YSZ are estimated to be about 80 and 200 nm, respectively. Compared with this, the depth measurable using in-plane XRD is 2 to 8 nm.
40) Here, we set the incident angle of X-rays to be 0.32°so that the diffraction intensity is maximum in YSZ. At this angle, the measurable depth is about 5 nm. Therefore, the depth measurable using XRD is much shallower than the projected ranges of ions with the energy of 100 keV. Figure 2 shows the in-plane XRD spectra observed for samples treated by the following four procedures; implantation of P + ions to a dose of 10 15 cm
, implantation of B + ions to the same dose, thermal annealing at 300°C for 10 min after the P + implantation, and UV irradiation with a photon energy of 5.59 eV for 30 min, along with the spectrum observed for the unimplanted sample. The unimplanted sample exhibits a peak at 2θ χ = 34.9°, which corresponds to the diffraction by crystalline YSZ at its (200) planes. The intensity of the XRD peak is decreased by the implantation of P + or B + ions, as shown by curve II or IV. The thermal annealing at 300°C that followed the P + ion implantation returns the intensity to nearly the same strength as that of the unimplanted sample. On the other hand, the UV irradiation given to the untreated sample does not change the XRD intensity. Figure 3 shows ESR spectra observed for the above five samples. As indicated by curves II and IV in Fig. 3(a) , two ESR signals appear at g = 2.00 and 1.97 after the implantation of P + or B + ions to the dose of 10 15 cm −2 , whereas they disappear after the following thermal annealing at 300°C for 10 min. In the present paper, the above two ESR signals at g = 2.00 and 1.97 are referred to as S4 and S5, respectively. On the other hand, as shown in Figs. 3(a) and 3(b), three ESR signals appear after UV irradiation with a photon energy of 5.59 eV for 30 min at g = 2.006, 1.97-1.95, and 1.91-1.86, which were referred to as S1, S2, and S3, respectively, in our previous paper. , an absorption band appears at around 2.4 eV, which disappears after the following thermal annealing at 300°C. On the other hand, UV irradiation of the untreated sample with a photon energy of 5.59 eV for 30 min yields a small and broad absorption band at around 3.3 eV. 30) Figure 5(a) shows PL spectra observed for the samples untreated and treated in the same manner as above. They were excited by 5.2 eV photons and measured at 77 K using the fluorescence spectrometer FP-8500. As indicated by spectrum I, the unimplanted sample exhibits a peak at around 2.8 eV. The intensity of the 2.8 eV PL peak is decreased by the implantation of P + or B + ions, as shown in spectrum II or IV, whereas it returns to a similar strength to its original value upon the following annealing at 300°C. On the other hand, UV irradiation does not yield any change, as shown by spectrum V. This dependence of the 2.8 eV PL on the treatment given to the sample is similar to that of the XRD intensity shown in Fig. 2 . Figure 5 (b) shows the temperature dependence of the intensity of the 2.8 eV PL excited by 5.2 eV photons, measured at 10, 77, and 300 K using SR. The PL intensity decreases with increasing temperature. Figure 6 shows the effects of the dose of implanted P + ions on the intensities of the above-mentioned various physical features. With the increase in dose, two ESR signals, S4 and S5, and optical absorption at 2.4 eV increase monotonically, while the XRD and the broad PL at 2.8 eV show a monotonic decrease.
We conducted a similar study on the effects of ion implantation using two high-k dielectrics, LaAlO 3 and YAlO 3 . 35, 36) Therefore, PL spectra of YSZ observed at 10 K before and after the implantation of P + ions to the dose of 10 15 cm −2 are shown in Fig. 7 with those of LaAlO 3 and YAlO 3 . Here, the PLs were excited by photons with energies of 5.2 eV for YSZ, 5.0 eV for LaAlO 3 , and 5.6 eV for YAlO 3 , so that the intensity of the 2.8 eV PL became maximum. A very broad PL is seen in all the samples at around 2.8 eV.
One important thing here is that the ordinate differs among (a), (b), and (c) and that the PL intensity is very strong in YSZ compared with those in LaAlO 3 and YAlO 3 . Another important thing is that the PL intensity decreases substantially in YSZ upon ion implantation, although it negligibly changes in LaAlO 3 and YAlO 3 . Note that several sharp peaks appearing in YAlO 3 will be discussed later. Figure 8 (a) shows the decay of the 2.8 eV PL observed in the unimplanted YSZ when it was excited by repeated pulses of 5.2 eV SR photons in the single-bunch mode. From this decay, the decay constant of the 2.8 eV PL can be calculated to be 7 ns. Figure 8(b) shows the decay of the 2.8 eV PL in the unimplanted YSZ when it was excited at 5.2 eV using the fluorescence spectrometer FP-8500. The weakening of the intensity of the excitation photons as a function of time owing to the movement of a mechanical shutter is also shown. From this decay, it can be estimated that the 2.8 eV PL also has a slow component with a decay constant of around 0.3 ms. Figure 9 shows in-plane XRD spectra observed before and after the implantation of P + ions to a dose of 10 15 cm −2 for YSZ (a), LaAlO 3 (b), and YAlO 3 (c). 35, 36) The intensities of the XRD spectral peaks are decreased upon ion implantation in the three high-k dielectrics. Figure 10 shows the effects of the thermal annealing period at 300°C for designated periods ranging from 20 s to 20 min after the implantation of P + ions to the dose of 10 15 cm −2 . The two ESR signals, S4 and S5, and the absorption at 2.4 eV, which were induced by the ion implantation, decrease promptly and they disappear in 5 min. Furthermore, the intensities of the XRD peak and the 2.8 eV PL, which became smaller after ion implantation, recover completely in 5 min to the values before ion implantation. Figure 11 (a) shows the effects of the temperature of annealing for 10 min between 150 and 800°C after the implantation of P + ions to a dose of 10 15 cm −2 . With the increase in annealing temperature, the two ESR signals and the optical absorption at 2.4 eV, which were induced by the ion implantation, show a monotonic decrease and they disappear at 300°C. In contrast, the XRD peak and the 2.8 eV PL, which became weaker after the implantation, increase back to their original values. Although the data are not shown here, the two ESR signals, S4 and S5, the absorption at 2.4 eV, the XRD peak, and the 2.8 eV PL exhibit essentially the same recovery behavior after annealing at 300°C for 10 min following the implantation of B + ions to the same dose.
A similar annealing was conducted for 10 min on the unimplanted samples after they had been irradiated by UV photons with an energy of 5.59 eV for 30 min. Figure 11(b) shows the effects of the annealing temperature on the ESR signal S2 and the absorption at 3.3 eV. Both the ESR signal and the absorption, which were induced by the UV irradiation, decrease to less than 40% at 150°C and disappear at 200°C. Therefore, Fig. 11 clearly shows that reactions exactly opposite to those induced by ion implantation or by UV irradiation are induced by thermal annealing for all the above-mentioned phenomena. Note that annealing experiments could not be performed for the two photoinduced ESR signals S1 and S3, because S1 decreases immediately, even at room temperature, and S3 is too weak.
Discussion
In YSZ, an oxygen vacancy that captures one electron (F + center) and an oxygen vacancy that captures no electrons (F 2+ center) are known to form a defect pair, namely, the F + -F 2+ pair. 41) Judging from their anisotropic nature and g values, 41) the two ESR signals S4 and S5 shown in Fig. 3(a) , which are induced by ion implantation, seem to be due to the F + -F 2+ pair. Note that ESR cannot detect the single presence of F 2+ centers or F centers (oxygen vacancies with two captured electrons). As for the absorption at 2.4 eV induced by the ion implantation (Fig. 4) , a very similar absorption has been attributed to F + centers, 41) although it was still uncertain in Ref. 41 whether the F + centers were present alone or in the form of the above-mentioned F + -F 2+ pair. As shown in Fig. 6 , the two ESR signals, S4 and S5, and the absorption at 2.4 eV show a monotonic increase with increasing dose of the implanted P + ions. This means that the ion implantation induces ionization or the generation of electron-hole pairs to change the charging state of oxygen vacancies. On the other hand, the monotonic decrease in the intensity of the XRD peak with increasing dose of the implanted ions shown in Fig. 6 indicates the collapse of the crystalline structure. By taking this into account, it can be summarized that the ion implantation induces the generation of electron-hole pairs and the deformation of the crystalline structure.
As for the 2.8 eV PL, PL similar to the one shown in Fig. 5 has been ascribed to oxygen vacancies without mentioning their details 42) or to the F + centers. 43) The intensity of this PL decreases significantly with the increase in temperature, as shown in Fig. 5(b) . Furthermore, the 2.8 eV PL has a decay constant of about 7 ns, as shown in Fig. 8(a) , indicating that it is fluorescence. In addition to this fast component, the PL has a slow component with a decay constant of about 0.3 ms, as shown in Fig. 8(b) .
In alumina, 44) MgO, 45) and YAlO 3 , 46) it has been reported that the F centers produce phosphorescence with a time constant of the order of ms, while the F + centers have been assigned to the luminophore of the fluorescence with a time constant of the order of ns. Taking these facts into account, the 2.8 eV PL in YSZ would be ascribable to both the F + and F centers. However, it is not plausible that both the F + and F centers with different charging states emit photons with the same energy. Regarding this, we assume the following luminescent mechanism to be a plausible model. Namely, the 2.8 eV PL in YSZ is induced by the F + centers with the decay constant of 7 ns. One important fact is that the F + centers can be generated if one electron is released from the F centers in addition to those originally present in YSZ. If this electron release requires some time, the 2.8 eV PL must have a large decay constant such as 0.3 ms if it originates from the F centers. Note that a similar PL due to F centers in alumina has a large decay constant of about 30 ms. The PL that is ascribed to oxygen vacancies has been observed in many oxides such as YSZ, 42, 43) silica glass, 19, 21, 25) Ge-doped silica glass, 24) buried SiO 2 in Si, 22, 23) and alumina, 44, 46, 47) as well as in silicon nitride 26) and several aluminates such as LaAlO 3 31,32,35,36) and YAlO 3 . 35, 36, 46, 47) Except for YSZ, namely, the target material of the present research, the PL due to the oxygen vacancies appears regardless of the sample being crystalline or amorphous. For example, the PL is clearly observed in completely amorphous SiO 2 deposited by a soot remelting method 21) or by thermal oxidation. 22, 48) Moreover, although many types of PL appearing in LaAlO 3 and YAlO 3 become weak if the crystallinity of the sample becomes poor, only the intensity of the PL due to the oxygen vacancies does not decrease, 35, 36) which is also shown in Fig. 7 . Therefore, the strong dependence of the 2.8 eV PL in YSZ on the crystallinity of the sample, which can be seen in Figs. 5, 6, 7(a), 10, and 11(a), is exceptional. Namely, its intensity becomes weak upon the implantation of P + ions in a similar manner to the decrease in crystallinity. Compared with YSZ, the intensity of the corresponding PL does not decrease in LaAlO 3 or YAlO 3 after the implantation, although the crystallinity of the two aluminates degrades similarly to that of YSZ. Furthermore, the PL intensity of YSZ is more than ten times as intense as the corresponding PL in LaAlO 3 and YAlO 3 , as shown in Fig. 7 . In addition, the ESR signals S1, S4, and S5, which indicate the existence of the F + centers, appear in YSZ after the ion implantation, as shown in Fig. 3 . In more detail, signal S1 is due to F + centers 30) and the two signals S4 and S5 are both due to the F + -F 2+ pair. 41) In contrast to this, F + centers were not observed in LaAlO 3 or YAlO 3 when we performed similar experiments under the same conditions using the same spectrometer. Oxygen vacancies appear in oxides such as silica or in aluminates such as LaAlO 3 and YAlO 3 only when their crystals have defects. However, YSZ is a kind of ZrO 2 in which Zr 4+ is replaced by Y 3+ , as shown by the following chemical formula:
This means that YSZ has the same number of oxygen vacancies as that of the incorporated Y 2 O 3 . 41) Therefore, many more oxygen vacancies exist in YSZ than in LaAlO 3 and YAlO 3 .
It has been shown that the temperature of a path in a dielectric substance along which an ion passes increases to about 3000°C, taking SiO 2 as an example. 50) If ZrO 2 and Y 2 O 3 are locally formed in YSZ through the opposite reaction of Eq. (1) upon the implantation of ions as a result of such a high temperature, the crystallinity should become poor and the number of oxygen vacancies should decrease. This is the reason for the decrease in the intensity of the 2.8 eV PL upon the degradation of crystallinity.
On the other hand, as shown in Fig. 4 , the absorption band appears after the implantation of P + or B + ions at around 2.4 eV, which is near the energy of the 2.8 eV PL. There is a possibility that the 2.8 eV PL is absorbed by this absorption band and thus its intensity is measured as being lower than its true intensity. Regarding this, the absorption of photons at 2.8 eV can be calculated to be 2.3% on the assumption that the 2.8 eV PL was emitted at a depth of 100 µm from the sample surface. This means that the effect of the increase in absorption at 2.4 eV after the ion implantation on the intensity of the 2.8 eV PL is negligible. Therefore, the decrease in the intensity of the 2.8 eV PL induced after the ion implantation is ascribable to the decrease in the number of the oxygen vacancies induced by the opposite reaction of Eq. (1). Namely, the PL intensity decreases as a result of the partial separation of YSZ to ZrO 2 and Y 2 O 3 . Although this separation of YSZ induces the degradation of the crystallinity of YSZ, it is not the direct reason for the decrease in the PL intensity.
As shown by curve V in Fig. 3 , three ESR signals, S1, S2, and S3, are induced in YSZ upon the irradiation of UV photons with an energy of 5.59 eV. Here, S1 is due to the F + center, while S3 is due to the T center or two oxygen vacancies on two diagonal sites adjacent to Zr 3+ . 30) The origin of S2 is unknown. The F + centers induced by the UV irradiation exist alone without forming a defect pair like the above-mentioned F + -F 2+ center, since it does not show anisotropy. On the other hand, a broad absorption increase with a peak at around 3.3 eV, indicated by curve V or VA in Fig. 4 , induced by the irradiation of UV photons, is considered to be due to the T center. 30, 41) This assignment indicates that the charging state of oxygen vacancies is changed upon the irradiation of the UV photons.
Neither the XRD peak shown in Fig. 2 nor the 2.8 eV PL due to both the F + and F centers shown in Fig. 5 (a) exhibits a meaningful change upon the irradiation of UV photons. As mentioned above, the 2. As shown in Figs. 2-5, 10, and 11, reactions opposite to those caused by the implantation of ions are induced by the thermal annealing performed successively after the implantation. Namely, the intensities of the XRD peak and the 2.8 eV PL, which were decreased by the ion implantation, increase back to their original values after the thermal annealing. Furthermore, two ESR signals, S4 and S5, and the absorption at 2.4 eV, which were induced by the ion implantation, become weak. In addition, the five physical quantities shown in Fig. 10 mutually correlate very well with respect to the dependence on the annealing time at 300°C. Moreover, these quantities return to the values before the ion implantation when the sample is annealed at 300°C for 5 min. Note that they also mutually correlate very well regarding the dose dependence of the implantation of P + ions shown in Fig. 6 . As shown in Fig. 11(a) , the annealing at temperatures higher than 300°C, which is the crystallization temperature of YSZ, 51) is needed to return the five physical quantities back to their values before the ion implantation when the annealing period is 10 min.
Although the data are not shown, the ESR signal S1 at g = 2.006 shown in Fig. 3(a) , which is due to the single F + centers induced by the irradiation of photons with an energy of 5.59 eV for 30 min, decreases rapidly even at room temperature. 30) Furthermore, as mentioned above, the appear-ance of the ESR signal S2 and the absorption at 3.3 eV owing to the T centers indicate that the charging states of defects in YSZ are changed by the irradiation of photons at 5.59 eV for 30 min. As shown in Fig. 11(b) , the two quantities begin to decrease at 100°C and disappear at 200°C in 10 min. Namely, the signals S1 and S2 and the absorption at 3.3 eV, induced by the UV irradiation, disappear more easily than the signals S4 and S5 and the absorption at 2.4 eV induced by the implantation of ions. The reason for this is simply that the change in the charging state of oxygen vacancies induced by UV irradiation is caused by photoionization or photogenerated electrons and holes, whereas the implantation of ions causes the degradation of crystallinity or the reaction opposite to Eq. (1) and the resultant disappearance of oxygen vacancies. Therefore, the changes induced by the UV irradiation are relaxed at low annealing temperatures, whereas those induced by ions need high temperatures. It has also been reported for crystalline silica that the recovery of crystalline damage needs temperatures as high as 1000°C, while the change in the charging states can be recovered at 200°C. 52, 53) Note that sharp PL peaks appearing at 2.3, 2.6, and 3.1 eV in YAlO 3 [ Fig. 7(c) ] are ascribable to Er 3+ , 35, 36) judging from their energies. 54) Since Er is a rare-earth element similarly to Y, it would be easily included in YAlO 3 as an impurity. Moreover, the shift in the angle of the XRD peak appearing only in YAlO 3 , shown in Fig. 9(c) , is attributable to elemental displacement caused by the implantation of ions. 35, 36) The reason for this shift being observed only in YAlO 3 is unclear, but it may indicate that YAlO 3 is more easily subject to ion implantation.
In addition, as mentioned above, the presence of oxygen vacancies in LaAlO 3 and YAlO 3 can be detected by PL, as shown in Fig. 7 , while it is not detectable by ESR. This indicates that the sensitivity of PL measurements is fairly high. Although only the F + center with one captured electron is detectable by ESR, which can detect only radicals, both the F + and F centers contribute to the 2.8 eV PL. This seems to make the PL measurements more suitable to the detection of oxygen vacancies than ESR.
Conclusions
The effects of ion implantation and thermal annealing on the formation of point defects in YSZ were analyzed experimentally by obtaining spectra of in-plane XRD, ESR, optical absorption in the visible-UV region, and PL. Important results obtained are summarized as follows.
1) The presence of oxygen vacancies was confirmed as point defects in YSZ. 2) After the ion implantation, the charging state of oxygen vacancies is changed. This generates two ESR signals at g = 2.00 and 1.97 and optical absorption at 2.4 eV, which are ascribable to the F + -F 2+ pair and the F + center, respectively. Concurrently, the crystalline structure of YSZ collapses and the intensity of the 2.8 eV PL due to both the F + and F centers decreases.
3) The intensity of the 2.8 eV PL is very strong, since the oxygen vacancies are present in YSZ as a result of the replacement of Zr 4+ by Y 3+ . The intensity is decreased significantly after the ion implantation, concurrently with the degradation of crystallinity. This suggests that the number of oxygen vacancies is decreased as a result of the separation of ZrO 2 and Y 2 O 3 upon the ion implantation. 4) When YSZ is exposed to UV photons at 5.59 eV, two ESR signals at g = 2.006 ascribable to the F + center and at 1.91-1.86 ascribable to the T center increase. An unknown signal at 1.97-1.95 also increases. The strength of the optical absorption at 3.3 eV due to the T center also shows an increase. However, neither the crystallinity nor the 2.8 eV PL exhibits a meaningful change. These results indicate that only the charging state of oxygen vacancies is changed. 5) Because of the above-mentioned difference between the effects of ion implantation and UV irradiation, a higher temperature is required to recover the damage induced by ion implantation than the temperature needed to repair the changes induced by UV irradiation.
